The paper presents a technique for measuring membrane displacements with one motionless camera. The method consists in measuring the distance to an object based on one image obtained from a motionless camera with a fixed-focus lens. The essence of the proposed measurement technique is to determine changes of the distance between a membrane and a video camera based on analysis of changes in the focus view of a marker placed on the membrane plane. It is proven that the used technique allows to monitor the frequency and amplitude of the membrane vibration. The tests were performed for the oscillation frequency in the range from 0.5 Hz to 6 Hz and deviations from the neutral position in the range of ±3 mm.
Introduction
Measuring the membrane displacement, the non-contact measurement in particular, has many applications [1, 2] . However, it still generates a lot of problems, especially in difficult conditions [3] . The parameters of the membrane displacement are determined then by measuring other physical quantities. For this reason attempts are made to use fibre pressure sensors [4, 5] , piezofoils [3] , the Helmholtz resonator [6, 7] , optical [8] [9] [10] [11] [12] and capacitive sensors [13, 14] . When the dimensions of the sensor do not impose significant limitations, a fluorescence videogrammetry [15] can be used as well as the method described in [16] . This paper presents a new approach to measuring the displacement parameters of a membrane, Fig. 1 . The measurement was implemented with a motionless IR camera equipped with a fixed focus lens and using an image processing technique shown in chapter 3. The membrane displacement was determined by observing changes in the size of a marker placed on the membrane surface. The membrane displacement parameters were determined in real-time, based on a single photo for measuring the amplitude, and a sequence of photos when the vibration frequency was measured. The tests were performed in the system presented in Fig. 2 . The model in Fig. 2 was equipped with a membrane with a rubber surround, Fig. 1b . The membrane was connected to a voice coil, which was placed in a constant magnetic field. A movement of the membrane was generated by applying DC or AC voltage of a known shape, amplitude and frequency to the connectors of the coil.
Measurement system configuration
The frequency and the displacement of the membrane were measured in the measurement system shown in Fig. 2 . The main element of the system is the model presented in Fig. 3a . The model was developed basing on the membrane of a TONSIL GDN 13/40/02 woofer with the following parameters: the rated frequency range 90 -5000 Hz, the rated impedance -4 ohm, the voice coil resistance -3.45 ohm, the total moving mass -8.4e
-3 kg, the force factor -5.03 Tm, the voice coil height -9 mm, the height of the magnetic gap -6 mm, the piston area -85 cm 2 . The model enabled safe moving of the woofer membrane to its rest relative position in the range of ±3 mm. The membrane is provided with a marker, Fig. 3b , which has been observed in the camera shown in Fig. 3a and Fig. 3c . The camera recorded the view of the marker registered in the near-infrared band (λ=850 nm) at 60 frame per second (fps). The IR heater construction was discussed in [17, 18] . The developed measuring system has enabled powering the woofer coil with a DC voltage (Fig. 2 , switch in position I) and also an AC voltage (Fig. 2 , switch in position II). The DC voltage was used to determine the range and direction of the membrane deflection depending on the applied control voltage value, supplying the voice coil. Pattern of the signal generated by the AFG 3021 Fig. 4 . A sample of the voltage waveform generated by an AFG 3021 generator.
The vibration frequency of the membrane was measured for alternating voltages of a known waveform, amplitude and fixed frequency. The alternating voltage was generated by an AFG 3021 generator. The generator was connected to the woofer through a VM 100 amplifier. The tests were carried out, forcing the membrane displacement by applying an alternating sinusoidal signal with the amplitude close to 12 V and the fSET frequencies 0.5, 0.7, 0.9, 1.0, 1.1, 1.3, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0 and 6.0 Hz. The tests for signal pulses with a waveform presented in Fig. 4 were performed for the given system configuration. The generated signal frequencies were: 0.5, 0.7, 0.9, 1.0, 1.1, 1.3, 1.5, 2.0, and 2.5 Hz. The aim of this study was to examine a possibility of determining the membrane displacement parameters in dependence on changes of the control signal amplitude.
Image processing technique
The discussed measurement method determines the marker width basing on a single photo. The essence of the presented solution consists in the image analysis [19 -22] resulting from the object moving away from the position for which the focus was set, Fig. 5 . Figure 6 shows the horizontal line profiles of the images (Fig. 5a , 5c, 5e) indicated by the marker centre of gravity as well as their behaviour during changes of the image focus. An exemplary sequence of changes in the positions of points A, A', B, B' determined during the marker moving close and moving away from the camera is presented in Fig. 6 and Fig. 7 . Changed positions of points A, A', B, B' were used to determine the marker width. For this purpose, the image from the camera was de-blurred. Image de-blurring was performed using the image binarisation with a threshold TH equal to 70. Selecting the binarisation threshold consists in determining a TH value assuring a uniform distribution of points intersecting profile image horizontal lines (indicated by the centre of gravity of the marker) with the line illustrating the tested TH value, Fig. 7 . The location of the determined points is unambiguously associated with the marker width MS and its distance d from the camera. The distribution of points is described by the equation (1) in the modelling process. The result is a relation that describes the object distance from the camera as a function of changes in the marker size. The presented modelling process is performed only once.
Description of experiments and results of research

Measuring the membrane vibration frequency
The study was carried out in the set-up shown in Fig. 2 , in which the source switch of the signal was set to position II. The sinusoidal wave UIN was applied at the input of the amplifier with the frequency fSET. The waveform amplitude was selected so that the voltage at the output of the amplifier was within the range of ± 5.8 V. Fig. 8 . In the study no significant changes of the membrane position resulting from the occurrence of the hysteresis phenomenon were observed. An influence of the alternating voltage amplitude on the membrane deflection was measured three times. The multiple measurements were repeated to reduce the impact of random errors resulting from the use of a highly sensitive (of 0.01 mm accuracy) dial gauge. The signal resulting from the membrane vibration was obtained using a motionless IR camera equipped with a fixed focus lens. The membrane vibration was determined by observing the changes in the size of the marker placed on the membrane surface. A black circular marker of 7 mm diameter was used in the study, Fig. 3b .
Measuring the membrane vibration frequency involved a signal analysis. The signal shape reflects changes in the marker image size in the function of time. These changes were expressed relative to the size of the marker recorded in the rest position. The results obtained for the fSET signal frequencies from 0.5 Hz to 2.5 Hz are presented in Fig. 9 .
Determined relative changes in the size of the marker image reflect the nature of the periodic signal which forces a movement of the membrane. The recovered signal, such as the excitation signal, has a periodic nature, and the amplitude change takes on repetitive values within each of the tested frequency bands. A slight change in the size of the marker image, depending on the membrane deflection - Fig. 9 , is a result of amplifier parameters used, including its bandwidth. 2500 5000 7500 10000 12500 15000 17500 20000 22500 25000 27500 30000 32500 35000 37500 40000 42500 45000 47500 50000 52500 55000 57500 60000 62500 65000 67500 70000 72500 75000 77500
Relative change of marker size The vibration frequency of the membrane was determined using Fast Fourier Transform (FFT). The sequences of changes in marker image size stored for each input signal were analysed, Fig. 10 . For each of them the amplitude spectrum of the FFT signal has been computed. Next, the frequency component with a maximum value was searched. This frequency component determines the dominant frequency present in the analysed signal, Fig. 10 . The results based on recorded data along with the established fSET and the determined fMEASURE of membrane vibration frequencies are presented in Fig. 11 . The length of the sequence in the study was chosen, so that the frequency measurement error using the FFT technique was less than 1%. The average percentage error of measuring the membrane vibration frequency was 0.654%.
Measuring the membrane displacement
The measurement of the membrane displacement was preceded by the calibration procedure, which is performed only once. The purpose of the calibration is to determine the dependence of the membrane displacement y expressed in millimeters on the width of the marker image x. The calibration procedure is carried out in two stages. The first stage is to determine the membrane deflection in a function of the control voltage. The dependence of the membrane deviation on the amplitude of the DC and AC voltage control is presented in The parameters of the model M(V, µ, σ, xm) can be determined using interpolation algorithms or methods of artificial intelligence [23] . Model M(V, µ, σ, xm) was used jointly with a simple regression y(x) = 0.6504x + 0.0102 (Fig. 8) . As a result, the dependency occurring between the measured relative marker size and the membrane displacement expressed in millimetres is presented in Fig. 13 . This dependency is described by the model M1(V, µ, σ, xm) of a form (1), for which µ = −0.0055; σ = 0.025547; v8 = 0.046881, v7 = 0.015934, v6 = −0.24341, v5 = −0.058505, v4 = 0.40572, v3 = 0.25788, v2 = −0.24199, v1 = 0.48433, v0 = −0.10785, where xm is the measured marker image size. Determining the parameters of the model M1(V, µ, σ, xm) concludes the calibration procedure. Measuring the membrane displacement is carried out indirectly by measuring the size of the marker image. The displacement value is calculated from the model M1(V, µ, σ, xm) assuming xm to be the relative marker size obtained during the measurement. By using the model it was possible to determine the value and direction of the membrane displacement, relative to the position of the camera, based on the information obtained from a single image frame. In the setup in Fig. 2 the membrane displacement was determined in less than 16ms. Examples of the results obtained from the analysis of the image sequence are shown in Fig. 14 . In the presented case, the amplitude of the voltage controlling the voice coil was within the range of ±2.5 V. The membrane vibration diagram presented in Fig. 14a was achieved for a sinusoidal input signal with the frequency of 0.5 Hz. The waveform presented in Fig. 14b was created as a result of the voice coil control voltage with the amplitude changed in accordance with the pattern shown in Fig. 4 . The frequency parameters of the input signal are presented in Fig. 14b . 
Conclusions
The performed experiments have shown that a motionless camera equipped with a fixed focus lens and the image processing technique allow to determine the displacement of a membrane relative to the position of the camera, on the basis of a single image of a marker placed on the membrane. The measurement of the membrane vibration frequency is possible based on the analysis of a series of the marker images.
A camera with a resolution of 640 × 480 pixels and 60 fps was used in the study. The camera parameters allowed to measure the vibration frequency of the membrane in the range of 0.5 -6 Hz and the membrane vibration amplitudes in the entire deflection range.
The accuracy of measuring a movement of the membrane in the presented technique is directly proportional to the image resolution. The frequency measurement accuracy increases with the increase in the length of the recorded image sequence. The measured frequency range depends on the number of acquired and analyzed frames per second.
